The goal of this work is to establish the technical feasibility of producing activated carbon from pulp mill sludges. KOH chemical activation of four lignocellulosic biomass materials, two sludges from pulp mills, one sludge for a linerboard mill, and cow manure, were investigated experimentally, with a focus on the effects of KOH/biomass ratio (1/1, 1.5/1 and 2/1), activation temperature (400-6008C) and activation time (1 to 2 h) on the development of porosity.
INTRODUCTION
Activated carbon is versatile adsorbent that can be used in many applications such as the removal of contaminants from air and water. They can be produced from variety of biomass sources such as coconut shell, agricultural wastes (Madadi Yeganeh et al. 2006) , coffee crops (Schrö der et al. 2007) . Today, many industrial and agricultural residues are used as raw material for activated carbon production.
The most important factors in choosing a biomass as a precursor for activated carbon production is its availability, price and chemical/physical properties (Nabais et al. 2008; Girods et al. 2009 ).
As one of North America's largest industries, pulp and paper mills produce considerable amounts of lignocellulosic biomass such as sludge which requires disposal (Lacorte et al. 2003; Pokhrel & Viraraghavan 2004) .
In comparison to burning the lignocellulosic biomass as fuel, producing activated carbon from the lignocellulosic biomass could potentially add value to the waste and benefit the environment via waste abatement, water/air purification and greenhouse gas emission reduction.
Chemical activation is widely used to generate activated carbon from carbon-containing materials. Common doi: 10.2166/wst.2010.981 chemical reagents for activation include ZnCl 2 , H 2 SO 4 , H 3 PO 4 (Arjmand et al. 2006; Soleimani & Kaghazchi 2007) , alkali metal hydroxides (KOH and NaOH), and alkali metal carbonates such as K 2 CO 3 and Na 2 CO 3 (Linares-Solano et al. 2006) . KOH is often the choice for producing highly porous activated carbon (Guo & Lua 1999; Kawano et al. 2008) . The overall reaction between a carbon-containing precursor and KOH is often given as (Hayashi et al. 2000) :
Upon reacting with KOH, some carbon is oxidized and converted to carbonate. Since potassium carbonate is water soluble and reacts with acid, during washing much of the carbonate is dissolved in water. HCl will then react with dissolved carbonate and produce CO 2 . During activation, the formation of CO and CO 2 is also possible.
The temperature at which activation begins and the degree of pore development depend not only on the activating agent but also the nature of the precursor material (Tseng 2007) . In order to determine the optimum conditions for the best porous structure and surface area, a set of experiments should be conducted on each specific raw material since activated carbon properties depend on the activation conditions and raw material characteristics.
A suitable porous structure of activated carbon is critical to the efficiency of a process in which the rate limiting step is mass transfer within the porous media. According to IUPAC, pores are catagorized into three classes: micropores with pore diameter less than 2 nm, mesopores with pores between 2 and 50 nm, and macropores with pores greater than 50 nm (Zhu et al. 2007) . The efficiency of an adsorption process depends on the characteristics of adsorbent and adsorbate, as well as hydrophobic interactions (Moreno-Castilla 2004) . Much research on activated carbon production from biomass has been carried out (Williams & Reed 2006; Yu & Zhong 2006) .
A common goal is to be able to produce a cost-effective adsorbent for removal of toxic substances from air or water.
It has been shown that enhanced adsorption capacity toward specific pollutants depends on activated carbon porous structure and surface chemistry (Madadi Yeganeh et al. 2006; Tsang et al. 2007 ). These characteristic are determined mainly by the raw material and activation conditions (Guo & Lua 1999; Lozano-Castelló et al. 2001) .
The production of activated carbon from wood and coconut shells is well studied (Lozano-Castelló et al. 2001) , similar research on other lignocellulosic biomass materials, such as pulp-mill sludge, is rather limited. In particular, there is a lack of information on the effects of activation conditions on final product characteristics.
In this work, chemical activation of pulp-mill sludge and another lignocellulosic biomass-cow manure was investigated. The activation process, consisting of pyrolysis and KOH activation, was investigated under different conditions. The goal was to study the technical feasibility of activated carbon production from these lignocellulosic biomass materials and their characterization for environmental applications.
METHODS

Materials
All four raw materials used in this research were biomass wastes. The first one is a mixed sludge produced by a recycled linerboard mill in Ontario, Canada; the second and third ones are primary and secondary sludges from a pulp mill in Ontario, Canada, while the fourth raw material is cow manure from a farm in Ontario, Canada. The cow manure was chosen since it is a large waste biomass stream that is available locally. It is inherently different from the other three and adds another dimension in understanding the effect of raw materials on activated carbon. All of the pulp mill sludges were collected from daily discharges of the mills, transferred to the lab, and stored at 2 48C prior to experiments.
The total ash, volatile matter, and fixed carbon of the raw materials were measured according to ASTM methods (ASTM D3174-04 for ash analysis and ASTM D3175-89a for volatiles). To measure ash content, the dry sludge samples were heated in a muffle furnace to 8008C, which took 3 hours, and kept at the same temperature for 12 hours.
Volatile matter content was measured by pyrolyzing dry samples at 8508C for 8 min without oxygen. Total fixed carbon was the dry sludge weight subtracting ash and volatile matter contents. The activation temperature was varied from 600 to 8008C and the heating time was set to 1 or 2 h. The KOH/C mass ratio was varied from 1 to 2. To remove activating agent derivatives and impurities, the product was washed with de-ionized water until the pH value of the washing solution became neutral. The activated carbon products were labeled based on their respective activation conditions and raw material. The first number is the KOH/C ratio, followed by an abbreviation relating to the raw material, then activation time and activation temperature. For example, 1Lin2-600 means the activated carbon was produced with KOH/C ¼ 1 from Linerboard sludge. The activation process took 2 hours at 6008C.
Activation procedure
The carbon yield after activation was calculated by weighing the product of each step. Yield, Y, is an indicator of activation process efficiency and is given by (Marsh & Rodriguez-Reinoso 2006) :
In these experiments, the production of activated carbon experiments was duplicated to ensure the accuracy of the results.
Analytical techniques
Surface area measurement
In order to characterize the activated carbon products, nitrogen adsorption isotherm data were obtained. The samples were degassed at 2008C for 2 hours prior to the measurements. The BET, t-plot, and BJH pore size distribution methods were used to interpret the isotherms (Brunauer et al. 1983 ).
FTIR spectroscopy analysis
The surface functional groups on the activated carbon from the different activation conditions were detected by Fourier transform infrared (FTIR) spectroscopy (FTIR-2000, PerkinElmer) . This technique was used to obtain quantitative information about the surface functional groups, thus helping to understand the effect of activation conditions. The frequency range used was from 400 to 4,000 cm 21 . Spectra of activated carbon were obtained using finely powdered KBr as reference in a KBr/AC mixture (200:1 mass ratio).
Adsorption experiments
Methylene blue (MB) was chosen as the adsorbate in this study as it is widely used to test large organic molecule adsorption capacity of activated carbon. Adsorption tests were performed in a set of 250 ml Erlenmeyer flasks in which 100 ml of MB solutions with initial concentrations of 50-350 mg/l were placed. 0.1 g of the activated carbon was added to each flask and kept in a water bath shaker at 120 rpm for 20 hours to allow the equilibrium to be reached. All samples were centrifuged prior to analysis in order to separate the activated carbon particles from the solution.
The concentration of MB in the supernatant solution before and after adsorption were determined using a double beam UV-vis spectrophotometer (UV-1601, Shimadzu) at 668 nm, which is the maximum wavelength of the MB used. Each experiment was duplicated under the same conditions.
The amount of MB adsorbed at equilibrium, q e (mg/g), was calculated by:
where C 0 and C e (mg/l) are the concentrations of MB at initial and equilibrium point, respectively, V is the volume of the solution (l) and W is the mass of dry activated carbon used (g).
The kinetics of adsorption was assessed with 0.05 g activated carbon in 250 ml flasks with 100 ml of MB solution with initial concentration of 100 mg/l. The procedure for the kinetics tests was similar to that of equilibrium tests. The aqueous samples were taken at different time intervals and the concentrations of MB were analyzed using the same UV -vis spectrophotometer. The amount of MB adsorbed at time t, q t (mg/g), was calculated by:
where C t (mg/l) is the concentration of the dye at a given time t.
RESULTS AND DISCUSSION
Characterization of raw materials 
SEM micrographs
The morphology of the activated carbon products was investigated using scanning electron microscopy (SEM).
Hitachi S-5200 Scanning Electron Microscope was used to obtain the micrographs. from about 20 to 40%. The yield, in some cases, is higher than the total % of fixed carbon and ash (Table 1) , which suggests that some of the carbon measured as volatile matter (e.g. organics) had been converted into activated carbon. Interestingly, although cow manure had the highest fixed carbon content, its yield was rather low. Yield is determined by the raw material and activation conditions.
Cow manure is highly reactive raw material so thermogravimetric analysis is necessary to determine optimum carbonization temperature. The conclusion at this stage is that the carbonization and activation condition was not ideal for cow manure probably lower carbonization time and temperature may increase the yield.
Effects of activation conditions on specific surface area (SSA)
The parameters affecting the specific surface area of activated carbon included activation temperature, KOH/C ratio and activation time, all of which were studied by a set of experiments on the Linerboard sludge. the surface area increased from lower than 50 m 2 /g to over 500 m 2 /g with an increase in activation temperature from 400 to 6008C.
It appears that increased temperature can increase SSA of activated carbon, provided that KOH/C is 2 or more.
In other words, if the temperature is high enough to ensure a substantial rate of activation, with enough activation time, the final SSA should be determined by the amount of KOH available. The high SSA obtained at 4008C ( Figure 3A) however is unexpected.
This dependence of SSA on temperature was also observed when the KOH/biomass ratio was 1 but only for the one hour activation ( Figure 4A ). After two hours, the final SSA at 6008C did not change ( Figure 4A vs. D), supporting the conclusion that the final SSA was controlled by KOH.
Comparison of Figure 5A vs 
Pore size distribution analysis of activated carbon
Pore size distribution (PSD), a very important property of adsorbents, determines the fraction of the total pore volume accessible to molecules of a given size and shape. Figure 6A indicated that increasing activation temperature resulted in an increase in micro-and mesopore volume (, 50 nm), while longer times led to a greater volume of meso and macropores (.20 nm). By increasing the KOH/C ratio, the pore volume increased significantly, consistent with the SSA results. The increase was particularly substantial for mesopores and macropores with pore diameter of 25 -100 nm.
FTIR analysis of produced activated carbon
To better understand the surface chemistry of the activated carbon and how it is affected by activation conditions, the products were analyzed by FTIR. The 
Adsorption experiments of methylene blue
Kinetics
Adsorption experiments were performed with 100 ml MB solutions with an initial concentration of 100 mg/l using 0.05 g of activated carbon. All the four activated carbon used in this set of experiments were produced under the same activation conditions, but with different raw materials.
As shown in Figure 8 , all sludges reached equilibrium in about 300 minutes and the linerboard, NK-secondary and cow manure-derived activated carbon had similar initial rates of adsorption which were greater than that of the NK-primary sludge-derived activated carbon. The error bars showed the standard deviation of obtained results when repeating the experiments.
Isotherms
The isotherm data were fitted to the Langmuir and Freundlich models. The Langmuir isotherm is defined as follows: where C e is the equilibrium concentration of the adsorbate (mg/l), q e is the amount of adsorbate per unit mass of adsorbent (mg/g), and Q and K are Langmuir constants related to adsorption capacity and equilibrium constant, respectively (Marsh & Rodriguez-Reinoso 2006) . Equilibrium isotherms provide information pertaining to the amount and type of adsorption. In Figure 9 , apparently, the linerboard, NK-secondary, and cow manure activated carbon fit the Langmuir model better than the NK-primary.
The R 2 value is smallest for the NK-primary in Table 2 .
Interestingly, although the NK-primary and secondary sludge-derived activated carbon had very different BET-SSA, their adsorption capacity was very similar when normalized with surface area.
On the other hand, while they had the same SSA, the NK-secondary and cow manure-derived activated carbon had different normalized capacity values, 0.231 vs.
0.340 mg/m 2 . The linerboard sludge activated carbon gave the highest normalized capacity at 0.500 mg/m 2 . It is expected that the normalized adsorption capacity is controlled by surface chemistry and porous structure of activated carbon.
Previous research has shown that meso-and macroporosity in activated carbon derived from lignocellulosic materials are dependent on the precursor (Gonzalez et al. 1995) . Kang et al. (2006) carbon varied from about 20 to 40%, depending on activation conditions. When the temperature is 6008C and the activation time is 2 h the yield will be less than 25% but when the activation time is 1 h the yield would be higher than 25%. Thus to get higher yield activation time is important. Thermogravimetric analyses of sludges could provide valuable information on thermal behavior of these sludges and process control to get higher yield. The yield was often higher than the total % of fixed carbon and ash, suggesting that the KOH activation process was able to capture some carbon measured as volatile matter. Despite their similar fixed carbon, volatile and ash contents, the NK-secondary sludge derived activated carbon had a much higher BET-SSA that the NK-primary sludge-derived one.
This attributed to the fact that cellulosic content of pulp mill sludges can control properties of activated carbon. Pore size distribution analyses indicated that 6008C, and 2 h activation with KOH/C ¼ 2 is a favorable condition to get high pore volume especially mesopores to increase the adsorption of large molecules. The results of methylene blue adsorption experiments show a Langmuir isotherm for all four activated carbon, although the adsorption capacity of NK-primary sludge-derived activated carbon was considerably lower than the rest, consistent with its lower BET-SSA value. Overall, the activated carbon produced in this work from pulp mill solids have properties similar to other common types of activated carbon in surface area and pore volume. Further research is needed to better understand the effects of surface chemistry and porous structure on the adsorption.
In this work, the technological feasibility of producing activated carbon from pulp mill sludge was established; there is clearly a need to make this process economical. Since KOH is an expensive chemical for activation, other activating agents should be studied. To that end, a chemical that is readily available at pulp mill would be a sensible target. 
